By means of density-functional theory with the generalized gradient approximation and using the virtual--crystal approximation, we report first-principles calculation results on the structural and elastic properties of Ti1−xZrxN alloy. In order to gain some further information on the mechanical properties of Ti0.5Zr0.5N compound, we also calculated the Young modulus, Poisson ratio, and anisotropy factor. The variation of calculated unit cell parameter for Ti1−xZrxN structure increases with Zr content x. A linear dependence of the elastic constants and the bulk modulus over a range of composition x is found. All the Cij of Ti0.5Zr0.5N increase linearly with increasing pressure. The same behaviour is observed for the other compounds with Zr compositions x.
Introduction
The aim of this article is to examine the structural, elastic, and mechanical properties of cubic rock-salt Ti 1−x Zr x N alloy, with emphasis on their dependence on hydrostatic pressure. The transition-metal nitrides have attracted considerable attention during the past three decades due to their interesting combination of mechanical, electrical, and chemical properties. This has led to their wide application as hard coatings and thin films for electronic devices [1] . In addition to their stability at high temperatures, these compounds are extremely hard, finding industrial use in cutting tools and wear-resistant parts. Their hardness is retained to very high temperatures, and they have low chemical reactivity. Transition--metal nitrides and carbides in the rock-salt (B1) structure are widely used for cutting tools and generators due to their high hardness, high melting points, and oxidation resistance [2] . Mixed-metal carbides and nitrides have been examined for their melting point and hot hardness behaviour as well. It has been demonstrated that intermediate compositions of the ternary system formed with 3d metals (TiN, TiC), 4d (ZrN, ZrC) are harder than the corresponding binary compounds [3] . There have been several earlier first-principles studies into properties of these materials: Papaconstantopoulos et al. [4] studied group V and VI transition-metal mononitrides, focusing on superconducting properties. Stampfl et al. [5] investigated the electronic structure and physical properties of early transition-metal mononitrides. Dayong Cheng et al. [6] studied the elastic properties of ZrC and ZrN. Nagao et al. [7] studied group IVB transition-metal * corresponding author; e-mail: boucetta_said02@yahoo.fr mononitrides, focusing on anisotropic elasticity. Hoerling et al. [8] investigated thermal stability, microstructure, and mechanical properties of Ti 1−x Zr x N thin films. The question is then if it is possible to make artificial materials that match or exceed the hardness of the hardest known materials-group IV nitrides (TiN and ZrN).
The group IV nitrides (TiN and ZrN) crystallize only in the cubic NaCl structure. The NaCl (B1) structure is common to both the mononitrides and the monocarbides. The transition-metal mononitrides have face centered cubic structures, with space group F m-3m. TiN and ZrN display many of the properties common to the other transition metal nitrides: hard ceramic material, and a large range of homogeneity. In view of these properties it seems worthwhile to model the mechanical behaviour at the atomistic level for the di-transition-metal nitrides: Ti 1−x Zr x N.
In this work, we investigate the effect of substituting the Ti atoms in TiN binary alloy by zirconium atoms, i.e. the cubic Ti 1−x Zr x N alloy, on the elastic properties in this system. This article is organized as follows: The computational method is described in Sect. 2. In Sect. 3, the results of the calculations are presented and compared with available experimental and theoretical data. Conclusion is given in Sect. 4.
Computational method
The use of computer simulation techniques is becoming more important in the understanding of the physical properties of materials. Our first-principles calculations are performed with the plane-wave pseudopotential (PWPP) method implemented by the CASTEP (abbreviation of Cambridge Serial Total Energy Package) sim-ulation program [9] . This is based on the density functional theory (DFT) [10, 11] which is, in principle an exact theory of the ground state. The generalized gradient approximation (GGA), proposed by Perdew and Wang, known as PW91 [12] , is made for electronic exchange--correlation potential energy. Coulomb potential energy caused by electron-ion interaction is described using ultrasoft scheme [13] , in which the orbitals of Ti (3d 2 4s 2 ), Zr (4d 2 5s 2 ), and N (2s 2 2p 3 ) are treated as valence electrons. By the norm-conservation condition, the pseudo--wave function related to pseudopotential matches the plane-wave function expanded with Kohn-Sham formation beyond a cut-off energy. Using high cut-off (660 eV) energy at the price of spending long computational time can make accurate results. The cut-off energy for the plane-wave expansion is 380 eV and the Brillouin zone sampling was carried out using the 8 × 8 × 8 set of the Monkhorst-Pack mesh [14] . Atomic positions are relaxed and optimized with a density mixing scheme [15] using the conjugate gradient (CG) method [16] for eigenvalues minimization.
The equilibrium lattice parameter is computed from the structural optimization, using the Broyden-FletcherGoldfarb-Shenno (BFGS) minimization technique.
Results and discussion

Structural properties
For the treatment of the disordered ternary alloy, we used the virtual crystal approximation (VCA) [17] , in which the alloy pseudopotentials are constructed within a first-principles VCA scheme. Elemental ionic pseudopotentials of TiN and ZrN are combined to construct the virtual pseudopotential of Ti 1−x Zr x N: The results for lattice parameter a 0 are reported for different composition rates x in Table I and compared with experiment [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] 17] and previous theoretical calculations [5] [6] [7] . Our calculated value for lattice parameter a 0 of TiN is in good agreement with the experimental data calculated by Helmersson et al. [18] and it is little higher than theoretical values [5, 7] ones. We have obtained the same value for a 0 of ZrN as experimental [20] one, but it is higher than the calculated values [5, 7] . Our calculated lattice parameters of Ti 1−x Zr x N (x = 0.25, 0.50, and 0.75) are well with the experimental data calculated by Uglov et al. [29] .
In Fig. 1 , we show the variation of the lattice parameter a 0 vs. zirconium fraction x. An analytical relation for the compositional dependence of Ti 1−x Zr x N lattice parameter is given by a quadratic fit a(x) = 4.27 + 0.48x − 0.14x 2 . 
Elastic constants
The elastic constants of solids provide a link between the mechanical and dynamical behaviours of crystals, and give important information concerning the nature of the forces operating in solids. In particular, they provide information on the stability and stiffness of materials. It is very well known that the first-order and second-order derivatives of the potential give forces and elastic constants. Therefore, it is an important issue to check the accuracy or the calculations for forces and elastic constants. The effect of pressure on the elastic constants is essential, i.e., for understanding interatomic interactions, mechanical stability, and phase transition mechanisms. According to Hooke's law [25] , the stress σ and strain ε for small deformations to a crystal are linearly related by
where the fourth-rank tensor C ijkl is the elastic constant tensor. Thus, the elastic constants can be determined directly from the computation of the stress generated by small strains [26] . The cubic crystal has three independent elastic constants, C 11 , C 12 and C 44 . C 44 of ZrN agrees well with the experimental [23] value. In the case of TiN, it can be noted from Table I that our calculated value of C 11 is little lower than the corresponding experimental [24] one, but the C 11 of ZrN calculated value is higher than the experimental data [23] . However, simulated values for C 12 in this work for both ZrN and TiN are lower than the experimental values [23, 24] , respectively.
The obtained results for the composition dependence of the elastic constants are depicted in Fig. 2 . The curves of elastic constants show a linear increase from TiN to ZrN. Our calculated bulk modulus for TiN is smaller but for ZrN it is higher than the experimental values [22, 23] , respectively. It can be seen that the compositional dependence of the bulk modulus is linear (Fig. 2). 
Pressure effect on elastic properties
We have calculated the three elastic constants C 11 (x), C 12 (x) and C 44 (x) for x = 0.5 from the stress-strain up to 50 GPa, in order to study the elastic stability. As it is shown in Fig. 3 , we remark that all C ij increase linearly with increasing pressure. These elastic constants satisfy the generalized elastic stability criteria for cubic crystals under hydrostatic pressure, C 11 + C 12 > 0, C 44 > 0 and C 11 − C 12 > 0. The values of the bulk modulus B increase with pressure and reach 471 GPa at pressure of 50 GPa. At 40 GPa, the bulk modulus of Ti 0.5 Zr 0.5 N reaches the zero-pressure value of the bulk modulus of the diamond [27] . The elastic anisotropy at high pressure is important for understanding the evolution of bonding in the system. The Zener anisotropy factor A, Poisson ratio ν and Young modulus Y , which are the most interesting elastic properties for applications, are often measured for polycrystalline materials when investigating their hardness. A = 2C 44 /(C 11 − C 12 ) measure the anisotropy of the elasticity for cubic crystal. The quantities ν and Y are calculated in terms of the computed data using the following relations [28] :
In Fig. 4 , we plot the pressure dependence of A for cubic Ti 0.5 Zr 0.5 N compound. The anisotropy factor shows a gradual decrease with increasing pressure. As a result, we observe that G {110} > G {100} , indicating that it is easier to shear on the {100} plane along the [010] direction rather than on the {110} plane along the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction. The calculated Poisson ratio (ν) and Young modulus (Y ) for cubic Ti 0.5 Zr 0.5 N compound are given in Table II . The values of the moduli B and G suggest a large hardness in this material with comparison of the bulk and Young moduli of the super hard material cubic boron nitride (BN). 
Conclusion
In this paper, we have performed ab initio calculations of structural and elastic properties for cubic Ti 1−x Zr x N alloy, based on DFT, within the GGA, using the plane--wave pseudopotential approach. The results are summarized as follows:
(a) The calculated lattice parameter has a quadratic form with zirconium composition x.
(b) The elastic constants have a linear form with zirconium composition x.
(c) The bulk modulus and elastic stiffness coefficients of Ti 0.5 Zr 0.5 N increase with increasing pressure in the range up to 50 GPa.
(d) The computed results for the bulk and Young moduli suggest a large hardness in this material.
We hope that this work will inspire future experimental research on these alloys, di-transition-metal nitrides.
